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Objective

To compare the healing response of sequential topically ap-
plied cytokines to that of each cytokine alone and to a pla-
cebo in pressure ulcers, and to evaluate the molecular and
cellular responses.

Summary Background Data

Because of a deficiency of cytokine growth factors in chronic
wounds and the reversal of impaired healing in animal mod-
els, pressure ulcer trials have been performed with several
exogenously applied growth factors. Because single-factor
therapy has not been uniformly successful, combination or
sequential cytokine therapy has been proposed. Laboratory
data have suggested that sequential treatment with granulo-
cyte-macrophage/colony-stimulating factor (GM-CSF)/basic
filoroblast growth factor (bFGF) might augment the previously
reported effect of bFGF alone.

Methods

A masked, randomized pressure ulcer trial was performed
comparing sequential GM-CSF/bFGF therapy with that of
each cytokine alone and with placebo during a 35-day pe-
riod. The primary measure was wound volume decrease
over time. Cytokine wound levels and mRNA levels were
serially determined. Fibroblast-populated collagen lattices
(FPCLs) were constructed from serial fibroblast biopsies.
Cellular ultrastructure was evaluated by electron micros-

copy. Changes in ease of surgical closure and its relative
cost were determined.

Results

Ulcers treated with cytokines had greater closure than those
in placebo-treated patients. Patients treated with bFGF alone
did the best, followed by the GM-CSF/bFGF group. Patients
treated with GM-CSF or bFGF had higher levels of their re-
spective cytokine after treatment. Patients with the greatest
amount of healing showed higher levels of platelet-derived
growth factor (PDGF) on day 10 and transforming growth fac-
tor beta (TGF4,) on day 36. Message for the bFGF gene was
upregulated after treatment with exogenous bFGF, suggest-
ing autoinduction of the cytokine. FPCLs did not mimic the
wound responses. Ultrastructure of wound biopsies showed
response to bFGF. Treatment with any of the cytokines im-
proved the wound by allowing easier wound closure. This was
most marked for the bFGF-alone treatment, with a cost sav-
ings of $9,000 to $9,200.

Conclusions

Treatment with bFGF resulted in significantly greater healing
than the other treatments in this trial. The clinical response
appeared to be related to upregulation of the bFGF message
and to increased levels of PDGF-AB, bFGF, and TGFg, in the
wounds and changes in ultrastructure. The resultant improve-
ments could be correlated with cost savings.

The normal response to tissue injury is a timely and
orderly reparative process that results in sustained restora-

_ _ tion of anatomical and functional integrityln chronic
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deposition of extracellular matrix, contraction, epithelializa-
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tion, and remodeling may be a major contributing factor toing of pressure ulcers using a different formulation of
poor healing of chronic wounds such as pressure ulcers2DGF-BB than previously applied to pressure ulcers. This
Cytokines, especially the subclass of growth factors, proformulation was the same as that approved by the U.S. Food
vide many of the cellular and molecular signals necessang Drug Administration for the treatment of diabetic neuro-
for normal healing* pathic foot ulcers. That growth factor is the first and only
Mast and Schulfzand Tarnuzzer et &have postulated one approved for topical application to wounds for accel-
that in chronic wounds, repeated trauma, ischemia, andrating wound closure.
infection increase the level of proinflammatory cytokines, Because no single growth factor has been shown to be
increase the level of matrix metalloproteinases, decrease thaiformly efficacious in the treatment of pressure ulcers, the
presence of tissue inhibitors of metalloproteinases, angossibility of combinations or sequences of growth factors
lower the level of growth factors. Cooper et’alising an  exist. Unfortunately, the combinations and sequences are
enzyme-linked immunosorbent assay technique on retrieveeindless. Several preclinical examples of combining growth
wound fluid, showed that levels of platelet-derived growthfactors exist. Lynch et & demonstrated that the combina-
factor (PDGF), basic fibroblast growth factor (bFGF), epi-tion of PDGF and insulinlike growth factor-1 (IGF-1) was
dermal growth factor (EGF), and transforming growth fac-more effective than either growth factor alone in healing
tor beta (TGF5) were markedly decreased in chronic pres-partial-thickness dermatome-created wounds. Davidson et
sure ulcers compared with acute wounds. Pierce®alab  al’® reversed the wound healing deficit in diabetic rats by
showed that there was a decrease of PDGF in human presembining bFGF and TGE. Sprugel et &' found that a
sure ulcers and that the addition of exogenous PDGF recombination of PDGF and bFGF increased the DNA con-
sulted in the synthesis of much greater amounts of PDGF bient of rat-implanted wound chambers better than any single
the recruited and activated wound cells. growth factor. However, not all of these combination
Based on the demonstrated deficiency of cytokine growtlgrowth factor studies have been successful: Greenhalgh et
factors in chronic wounds and the successful reversal o&l*? reported that the combination of PDGF and bFGF was
impaired healing in many animal models by application ofno more effective than a single growth factor in the genet-
various growth factors, clinical trials have been performedcally diabetic mouse.
with several cytokines and growth factors. A summary of The idea of combining growth factors for topical appli-
the results of clinical trials using exogenous application ofcation to wounds is the concept behind the autologous
growth factors in an attempt to accelerate healing appeareglatelet releasate platelet-derived wound healing formula.
in 1996° These trials included patients with chronic woundsThis releasate from autologous platelets described by
such as pressure ulcers, diabetic foot ulcers, and venougighton et af® contains PDGF, TGE platelet-derived
stasis ulcers. The trials germane to this report are thosangiogenesis factor, platelet-derived epidermal growth fac-
performed on patients with pressure ulcers. tor, platelet factor-4, and other unknown factors. After the
Recombinant PDGF-BB was first reported in the treat-initial uncontrolled trial that suggested efficacy for this
ment of pressure ulcers in 19921 In a phase I/Il prospec- combination formula, Knighton et %l reported a con-
tive, randomized, masked trial of 20 patients, J0@mL  trolled, double-blind, crossover trial of 32 patients with
topically applied PDGF-BB produced an increase in the ratevounds of mixed etiology. Although no specific trial of
of wound closure compared with three other groups. Apressure ulcers treated with platelet-derived wound healing
follow-up multicenter trial by Mustoe et Hishowed a trend formula has been reported, five trials have been reported
toward healing acceleration, but the results did not reaclising the combination on lower extremity ulcers, with
statistical significance. In a two-center trial of 50 patients,mixed result$>2° Another combination growth factor
Robson et df reported that bFGF was safe and potentiallycompound is being investigated. An extract of milk that has
effective in the management of pressure ulcers. EGF walkeen demonstrated to contain IGF-1, PDGF, bFGF, and
evaluated in a heterogeneous group of chronic woundsIGF; has been reported to be effective in accelerating
including pressure ulcers, and was found to be effectivénealing in animal modef&3*
compared with the topical antimicrobial silver sulfadia- The availability and function of the various growth fac-
zine* Because of its ability to stimulate monocytes andtors in normal wound healing appear to be sequential.
granulocytes and stimulate macrophages to produce oth&/ound fluid evaluations suggest that normally the various
growth factors:®>® interleukin 1-beta (IL-1B) has been cytokines are present in the wound at different time peri-
tested in a pressure ulcer clinical trfdl. Although there  ods3?73°Platelet-released factors are present in the wound
were no statistical differences in healing rates betweerarlier in the healing trajectory than are fibroblast-secreted
cytokine-treated and vehicle-treated patients, patientfactors. Because the target cells of various agents are dif-
treated with 1.0ug/cnf/day rhulL-1B showed different in ferent, it seems reasonable to have a cytokine active on
vitro fibroblast characteristics than patients in other groupshematopoietic cells (e.g., neutrophils, monocytes, and lym-
Fibroblast “senescence” seemed to be overcome after 28hocytes) present early in the reparative scheme and one
days of treatment with the cytokirté.Most recently, Rees more active on regenerative tissue (e.g., endothelial cells,
et al® reported statistically significant improvement in heal- fibroblasts, and epithelial cells) later in the process. Previ-
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ous experiments in the lead author’s laboratories suggest thveeekly based on a dose volume of 0.01 mL7cof ulcer
granulocyte-macrophage/colony-stimulating factor (GM-surface and was applied as a topical spray. After 15 minutes
CSF) acts early in causing wound contraction and that bFGIBf air-drying to allow adsorption of the protein, the wounds
acts at a later phasé&38 Therefore, it was postulated that were dressed with a nonadherent dressing next to the wound
the sequential use of GM-CSF and bFGF would result insurface and dry gauze to fill the ulcer crater.
greater acceleration of healing of a pressure ulcer, which Patients meeting the study criteria (Table 1) underwent a
heals largely by the processes of deposition of extracellulascreening evaluation, including a medical history, physical
matrix and contraction, than would be seen with either agenéxamination, baseline chest x-ray and electrocardiogram,
alone. nutritional assessment, and smoking status before beginning
The purpose of the study was to perform the first woundreatment. The ulcer was evaluated by anatomical location,
healing clinical trial using sequential topically applied cy- periulcer transcutaneous oxygen tension, periulcer blood
tokines to accelerate healing. In addition to determining theerfusion measured with laser Doppler flowmeter, volumet-
effect on ulcer closure, the study was designed to evaluatéc determination with alginate mold and displaceniént,
the longitudinal molecular and cellular responses of healingnd quantitative and qualitative bacterioldjy.
wounds. The endogenous levels of cytokines (GM-CSF, bFGF,
PDGF-AB, EGF, TGE;, TGFg,, IL-1B) present in the
METHODS ulgers before treatment and on .days 10 and 36 were deter-
mined using an enzyme-linked immunosorbent assay tech-
A double-blind, randomized, placebo-controlled trial wasnique on retrieved wound fluid, as described by Cooper et
performed on inpatients with pressure ulcers to evaluate thal.” Competition-based Q-reverse transcriptase—polymerase
safety and efficacy of sequential cytokine therapy. Thechain reaction (RT-PCR) was used to determine mRNA
sequential treatment results were compared with treatmemgvels of GM-CSF and bFGF from wound biopsy samples at
results with each cytokine used alone and with a controtays 0, 10, and 36-%? Five different RT-PCR reactions
placebo arm. The trial involved only patients with pressurewere performed per biopsy sample, and the data were used
ulcers involving any tissue from a bony prominence to theto calculate a best-fit line from which the numbers of copies
subcutaneous tissue (grade I1I/1V). All patients were denerof mRNA for the specific gene were calculated. This
vated in the area of ulceration because of acquired spinahethod allows errors that occur in individual RT-PCR re-
cord pathology. The investigational protocol was approvedactions to be minimized by the least squares linear regres-
by the Institutional Review Boards of the University of sion procedure, and the interpolated value for the average
South Florida and the Department of Veterans Affairs Med-number of copies of mRNA per cell reflects the results
ical Center, Bay Pines, Florida. obtained from the five separate RT-PCR reactions. Fibro-
The cytokines used in this trial were rhuGM-CSF andblast cultures were performed on wound biopsy samples at
rhubFGF. The rhuGM-CSF was obtained from the bacteriatlays 0, 10, and 36 to analyze the effect on fibroblast-
formulation of a strain oEscherichia colibearing a genet- populated collagen lattice (FPCL) contracttdmnd deter-
ically engineered plasmid containing an rhuGM-CSF genemination of cell senescenég.
It had a molecular weight of 14,477 daltons and was for- Electron microscopy was also performed on wound bi-
mulated in an isotonic buffered solution. The GM-CSF and
its inert vehicle were provided by Schering Plough Research
Corp. (Kenilworth, NJ). The bFGF was producedEncoli
with a molecular weight of approximately 18,000 daltons
and an isoelectric point of 9.8. It was in an isotonic buffered Major Inclusion Criteria
solution. The bFGF, with its appropriate inert vehicle pla-
cebo, was provided by Scios, Inc. (Mountain View, CA). 1. Age 28-70 years
Consecutive patients fulfilling the entry criteria with pres- 2. Presgure ulcer on the truncal area involving any tissue from bony
. s prominence to subcutaneous tissue (grade I1I/1V)
sure ylcers measurlng.lo to 200 tof at least 8 weeks 3. Ulcer duration >8 weeks
duration were randomized to one of four treatment regi-4. |nitial ulcer volume 10-200 cm?
mens: 2.0ug/cn? GM-CSF topically applied daily for 35
days; 5.0ug/cn? bFGF topically applied daily for 35 days; Major Exclusion Criteria
2.0 ug/cn? GM-CSF applied for 10 days, followed sequen-
tially by 25 days of topically applied 5.Qg/cn? bFGF; or 1. Significant diabetes mellitus, renal insufficiency, vasculitis, or
the comparative placebos, applied daily for 35 days. Thesg hepatic, immunologic, cardiac, or hemorrhagic disease .
! . . ~2. Malignant or neoplastic disease, except for adequately treated skin
doses were chosen based on previous trials performed with cancers
each of the cytokines separately. The amount of topicas. Significant malnutrition, systemic steroidal therapy,
substance for each week of treatment was based on a volu- immunotherapy, or chemotherapy
metrically determined surface area at baseline and on stud}y CYtokine therapy within 90 days or investigational drug study
days 7, 14, 21, and 28. The dosage volume was calculated within 30 days

Table 1. STUDY CRITERIA
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opsy samples obtained on days 0, 10, an8>¥6ur random
areas from each pressure ulcer biopsy sample were selected
to represent a wound from each patient. Under a dissecting
microscope, these tissues were sliced further into small 1- tScore Procedure Cost
2-mm pieces, fixed, and embedded in plastic resin (EM-bed

Table 2. EASE OF CLOSURE
SCALE/PROCEDURAL COSTS

812, EM Sciences, Ft. Washington, PA), as suggested by © Na need to dlose, healed $ 0
VandeBerg et af° Eight to 10 tissue pieces were cut into . Easy wound approximation $ 100400
” g - Elg P . 2 Somewhat easy approximation $ 400-600
thick sections (1.0um), mounted on glass slides, and 3 Somewhat difficult approximation $ 600-800
stained with toluidine blue. Under the light microscope, the 4 Difficult approximation $800-1,000
orientation of the tissue was observed to select uniform 5 Easy skin graft $ 1,200
areas from distal cell layers lining the ulcer bed surfaceto 1 © Somewhat easy skin graft $ 1700
. . . . 7 Somewhat difficult skin graft $ 2,200

to 2 mm proximally into -the derm|s. From five selected 4 Difficult skin graft $ 3000
tissue pieces, 10 to 15 thin sections were cut (60 nm) and 9 Easy flap $ 5,000
mounted on unsupported 300-mesh grids, stained in uranyl 10 Somewhat easy flap $ 8,000
acetate and bismuth subnitrate. At least four grids of 15 to Somewnhat difficult flap $ 10,000
20 sections from each of the selected areas were examine {2 Difficult fiap $ 12000

d13 Not possible to close Not determinable

and photographed using a Zeiss EM-10B electron micro-

scope (Carl Zeiss, Inc., Thornwood, NY). All ultrastructural Modified from Robson et al.*®
data were obtained by one electron microscopist (JSV)
masked to the treatments the wounds received.

After screening and obtaining baseline data, shdrp de 7 ]
bridement of the ulcer to remove any necrotic tissue and t$urvival analysi8’ (JMP software, SAS, Cary, NC) using

open all sinuses and tracts was performed. Initial drugh€ 9eneral method suggested by Hokanson €tal _
administration was delayed for at least 24 hours affer de Because five previous trials encompassing 130 patients
bridement. All patients were kept on pressure-relief surface¥/ith this pressure ulcer model showed a mean placebo
for the 35-day treatment period, and fixed turning schedule§éSponse of a 70% 2% decrease in ulcer volurfieand a
were maintained. To determine safety, hematology, serurippical antimicrobial response of 60% reduction during a
chemistry, and urinalysis values were determined weeklyt-week period?’ an arbitrary response rate of at least 85%
during the 5-week study. Adverse reactions, intercurrenfvound closure during a 35-day period was chosen as indic-
medical events, and concomitant medications were recordedfive of a responder. Proportions of responders at more than
daily. 85%, 90%, and 95% wound closure were compared be-
The pressure ulcer was measured on day 0 and weekly féween GM-CSF, bFGF, or sequential cytokine therapy
5 weeks using planimetry of the ulcer opening and volumedroups and placebo-treated patients using the Fisher exact
determination using alginate moldColor photography of ~test (Sigma Stat).
the ulcer at a set focal distance was obtained weekly to Endogenous cytokine levels at day O and cytokine levels
determine ease of closure by two blinded surgeons, a8t days 10 and 36 were compared by one-way analysis of
described by Robson et #i. variance if data passed the normality test. If not, Kruskal-
The change in difficulty of wound closure was studied inWallis one-way analysis of variance on ranks was per-
relation to the composite cost, including surgeon’s feeformed. The Tukey or the Dunn method was used as a
anesthesia fee, and operating room cost (Tabf 2). multiple comparison procedure to isolate the group or
Descriptive statistics were computed for demographicgroups differing from the others. RNA message determina-
characteristics such as age, ethnicity, smoking status, arftpns of the GM-CSF and bFGF genes at days 0, 10, and 36
pressure ulceration duration. The patients’ ages and ulcép each treatment group were compared with the placebo-
duration were compared by analysis of variance, whereaeated patients as well as the percentage change in message
ethnicity and smoking status were compared using chifrom day 0 to 10, and day O to 36. Chi-square analyses
square analysis (Sigma Stat 2.03, SPSS, Chicago, IL). Bottompared the message change between each group and the
parametric and nonparametric analyses were used to detglacebos.
mine the efficacy of GM-CSF treatment alone, bFGF treat- All data obtained longitudinally on ulcer measurements,
ment alone, or sequential GM-CSF/bFGF treatment, deeytokine levels and changes, and fibroblast activity in FP-
pending on the apparent normality of the data. TheCLs were evaluated for possible correlations using the
percentage decrease in volume during the 35 days waSpearman rank order correlation (Sigma Stat). With this
compared among patient groups using the Kruskal-Walligest, pairs of variables with positive correlation coefficients
method of analysis of variance on ranks (Sigma Stat). PaandP values< .05 tend to increase together. For pairs with
tients achieving various percentages of healing versus timeegative correlation coefficients afivalues< .05, one
were compared across treatment groups by Kaplan-Meierariable tends to decrease while the other increases.
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Table 3. DEMOGRAPHICS OF PATIENTS AND PRESSURE ULCERS

Parameter Group Mean = SD or N Number P Value

Age (yr) GM-CSF 48.8 = 11.8 15

bFGF 51.7 113 15

GM-CSF/bFGF 513+ 11.2 16

Placebo 47.1 £10.8 15 .65*
Ethnicity GM-CSF White 11; Black 2; Hisp 2 15

bFGF White 11; Black 3; Hisp 1 15

GM-CSF/bFGF White 15; Black 1; Hisp O 16

Placebo White 14; Black 1; Hisp O 15 401
Smoking status GM-CSF Yes 8; No 7 15

bFGF Yes 5; No 10 15

GM-CSF/bFGF Yes 9; No 7 16

Placebo Yes 6; No 9 15 53t
Ulcer duration (mo) GM-CSF 6.8 = 6.1 15

bFGF 149 = 16.4 15

GM-CSF/bFGF 121 = 14.6 16

Placebo 13.1 £ 14.2 15 52"

bFGF, basic fibroblast growth factor; GM-CSF, granulocyte-macrophage/colony-stimulating factor.
* Analysis of variance.
T Chi-square.

RESULTS analysis of variance showed that the test for normality was

Sixty- . ) r}ot passed. Kruskal-Wallis analysis of variance on ranks
y-one patients completed the 35-day acute phase o o ) .
the trial. Fifteen received 35 days of GM-CSF, 15 receiveaShowed no significant differences (Table 4). The patients
35 days of bFGF, 16 received sequential therapy of 10 OI‘,iyg'eated with bFGF alone had smaller wound volumes than
GM-CSF followed by 25 days of bFGF, and 15 received the"e Other groups on day 36 and had a trend toward greater
placebo vehicles. Demographics disclosed no significanf’ound closure. However, the proportion of patients achiev-
differences in age, ethnicity, smoking status, or duration of"d & significant response-g5% wound closure in 35 days
pressure ulcer among the four treatment groups (Table 3pf treatment) suggested a Fisher exact test of proportions
No hematologic, chemical, or urinalysis abnormalities were(Fig. 1). When patients receiving any cytokine therapy
attributable to the topical administration of the sequentialGM-CSF, bFGF, or sequential GM-CSF/bFGF) were com-
cytokine therapy or to either GM-CSF or bFGF alone.pared with patients receiving placebo vehicles, significantly
Periulcer TO, and laser Doppler perfusion revealed nomore patients treated with cytokine achieved a more than
ulcers to be hypoxic<30 mm PQ) or ischemic. 85% decrease in ulcer volume €& .03). Patients treated for
Evaluation of the mean percentage of initial ulcer volume35 days with bFGF alone did the best. The bFGF-alone
remaining on day 36 among the four treatment groups bygroup had significantly more patients than the placebo

Table 4. ULCER VOLUMES AND PERCENTAGE WOUND CLOSURE
BY TREATMENT GROUP

Day 0 Ulcer Volume (cm?®) Day 36 Ulcer Volume (cm?®) % Wound Closure on Day 36

Treatment Group Mean + SD Median (range) Mean += SD Median (range) Mean = SD Median (range)
All patients (n = 61) 37.49 = 30.59  26.37 (9.82-153.72) 12.65 £ 16.24  7.26 (0.22-99.65) 70 =19 73 (3-99)
GM-CSF (n = 15) 32.77 +21.06  27.52 (10.27-83.01) 12.02 = 11.88  9.29(0.88-40.62) 67 = 24 70 (3-93)
bFGF (n = 15) 33.81 + 26.12  23.54 (9.82-100.35) 7.24 + 6.11 4.42 (0.22-20.80) 75+ 19 79 (42-99)
Sequential GM-CSF/  38.16 + 38.3 25.88 (10.00-153.72)  16.83 = 25.75  7.48(0.22-99.65) 68 = 21 73 (29-98)

bFGF (n = 16)

Placebo (n = 15) 4519 +34.79  41.15(10.44-116.73)  14.24 = 13.66  8.85 (2.12-45.84) 71 + 11 72 (39-84)

P value .84 .57 .69

bFGF, basic fibroblast growth factor; GM-CSF, granulocyte-macrophage/colony-stimulating factor.
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group with more than 85% closurB & .02) and more than than placebo-treated patients at more than 85% cloBure (
90% closure P = .04) (Fig. 2). The sequential cytokine .22).

therapy reached a significance levelf= .10 compared The positive healing effect of bFGF was further demon-
with placebo at more than 85% healing. The patients treatestrated when we compared all patients who received bFGF
with GM-CSF alone did not respond significantly better (the bFGF group and the sequential GM-CSF/bFGF group)
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response can be seen by comparing patients who
received any bFGF treatment (those in the bFGF- BbFGF Al
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with the placebo-treated patients. When patients receivethe four treatment group$(> .05). Ultrastructure of the
bFGF at any time in the treatment course, they healedilcer biopsy samples by electron microscopy demonstrated
significantly better than placebo-treated patients at mor¢hat although no ulcers exhibited a histology of complete
than 85% closureR = .02) and more than 90% closure wound repair, cellular integrity among fibroblasts appeared
(P = .04). Comparing Figures 2A and 2B suggests thattommon in most areas of the bFGF-treated wounds (Fig. 4).
delaying the onset of bFGF by 10 days may have dimin-These cells showed evidence of well-developed endoplas-
ished its effect on healing. mic reticulum, Golgi apparatus, and numerous ribosomes
Before treatment, median levels of the various cytokineswithin the cytoplasm. In the immediate vicinity of the
were evenly distributed among the four treatment groupgibroblasts, new collagen synthesis was evident, suggesting
(Table 5). Patients treated with GM-CSF for 35 days had alevelopment of the extracellular matrix. Vascular develop-
threefold increase in GM-CSF; levels in the other threement consisting of apparently viable, adjoining endothelial
groups did not significantly chang® (< .05). The bFGF cells and paravascular support cells was observed in approx-
level on day 36 showed a 20-fold increase over day O inmately 75% of these wounds. These changes were most
both the bFGF 35-day treatment group and the GM-CSFmarked in patients who demonstrated more than 85%
bFGF sequential therapy group « .05). However, the wound closure during the 35-day treatment period. Placebo-
bFGF level on day 36 was not significantly different from treated wounds showed some randomly located fibroblasts
day O in the patients treated with GM-CSF alone or thewith development of endoplasmic reticulum and ribosomes;
placebo-treated patients. however, matrix development was sporadic even near areas
The Spearman rank order correlation demonstrated thatef vascular formation. In these wounds, vascular lumina
greater increase in the ulcer level of PDGF-AB at day 10were incompletely surrounded by endothelial cells. Fre-
from day O was related to a greater degree of healing (  quently, arterioles were partially occluded by inflammatory
0.325,P = .03). A greater increase in TGFin the ulcer  cells, fibrin, and cellular debris related to clotting.
between day 10 and day 36 was also correlated with better Ease of wound closure steadily improved in all groups
wound closurer(= 0.418,P = .03). The higher amounts of over time as the ulcer volume decreased. The median ease
TGFg, in the wound on day 36 were correlated with greaterof closure for all four groups on day 0 was 11, meaning the
percentages of wound closune=€ 0.344,P = .01). Inter-  wounds would best be closed by a somewhat difficult flap at
estingly, a large amount of EGF in the ulcer on day 36a cost of $10,000 (see Table 2). Patients in the bFGF-treated
tended to be associated with a decreased amount of healiggoups improved 7 points on the ease-of-closure scale (see
(r = 0.374,P = .008). Table 2)#° Sequential GM-CSF/bFGF-treated patients im-
Evaluation of MRNA for the GM-CSF gene did not show proved 5 points on the scale, compared with 4 points in the
upregulation with exogenous application of GM-CSF. How-patients receiving GM-CSF and only 3 points for the pla-
ever, in the bFGF-alone group, 58% of patients had upregueebo controls.
lated bFGF message from day 0 to day 10, compared with At the end of the trial, the ulcers of patients in the
only 31% of placebo-treated patients (Fig. 3). Similarly, thebFGF-alone group could have been closed by a difficult
gene was upregulated in bFGF-treated patients from day @irect wound approximation at a cost of $800 to $1,000. The
to day 36 compared with placebo-treated patients (50% vsrocedure required for the sequential GM-CSF/bFGF pa-
31%). The sequential GM-CSF/bFGF-treated patients alstients would have been a somewhat easy skin graft at a cost
had upregulated bFGF mRNA from day 10 to day 36. of $1,700. The ulcers of patients receiving GM-CSF alone
Contraction of FPCLs harvested serially from the pres-could have been closed with a somewhat more difficult
sure ulcer beds showed no correlation with the degree gbrocedure at a cost of $2,200; the placebo group’s ulcers
ulcer healing after 10 days or 36 days of treatment in any otould have been closed for $3,000. Therefore, the proce-

Table 5. MEDIAN ENDOGENOUS CYTOKINE LEVELS
IN ULCER BEDS BEFORE TREATMENT (pg/mL)

Group GM-CSF bFGF PDGF-AB TGFg, TGFg, EGF IL-1B
GM-CSF 7.90 69.28 112.16 ND 32.01 ND 43.12
bFGF 2.75 40.48 28.30 18.87 ND ND 1412
GM-CSF/bFGF 3.58 44.27 73.44 ND 0.60 ND 37.10
Placebo 5.73 40.99 85.35 ND 51.45 ND 42.20
All groups 4.33 41.42 70.65 ND 16.73 ND 31.71
P value* 0.14 0.94 0.57 0.62 0.71 0.46 0.13

bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; GM-CSF, granulocyte-macrophage/colony-stimulating factor; IL-1B, interleukin 1-beta; ND, not
detectable; PDGF-AB, platelet-derived growth factor; TGF, transforming growth factor.
* Kruskal-Wallis one-way analysis of variance on ranks.
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Figure 3. (A) The percentage of patients with up-
regulation of basic fibroblast growth factor (bFGF)
mRNA from day 0 to day 10 in the bFGF-alone group 0 T
compared with the placebo group. (B) When bFGF bFGF Placebo
was added to the sequential granulocyte-macro- A Treatment Group
phage/colony-stimulating  factor (GM-CSF)/bFGF
group after day 10, upregulation was noted in the 70 1
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bFGF mRNA from day O to day 36 was compared in 60 4
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dural cost savings for the bFGF-alone group was $9,000 ttheir report and ours found a correlation between the actual

$9,200, for the sequential group $8,300, for the GM-CSFdecrease in pressure ulcer size and the initial size in all four

group $7,800, and for the placebo group $7,000. treatment groups. Slopes of the regression curves were

compared with the F test, and bFGF enhanced a decrease in

DISCUSSION ulcer volume cqmpared with placebo-treated wounds, as
was also found in the previous stutfy.

The concepts involved in using topical cytokine growth The fact that treatment with bFGF alone was more effec-
factor to stimulate healing in the chronic wound are soundtive than sequential treatment differed from that predicted
The relative deficiency of growth factors in pressure ulcerdoy animal models. It confirmed LeGrand'sobservation
is well documented. As seen in Figure 1, only in the threethat there is no way a priori to determine the relevance of
groups of patients receiving exogenous growth factors didinimal models to human wounds. However, both the bFGF-
the ulcers heal at least 85% during the 35-day trial. Of thealone group and the sequential GM-CSF/bFGF group had
three groups, the patients receiving bFGF at some timenore rapid healing than the patients treated with PDGF-BB
during their treatment healed better than those who did nateported recently by Rees et’8 The bFGF used in the
receive bFGF. Those that received only bFGF for the entirgoresent trial and in the earlier tridlmay not have been the
35 days did significantly better than the placebo-treateanost ideal formulation. Angiogenesis, an important compo-
patients. Delaying the onset of bFGF treatment appeared teent of the healing process in pressure ulcers, requires a
decrease its response (see Fig. 2). This response to topicalstained concentration gradient of a chemotactic, angio-
bFGF confirms the previous report by Robson éf@oth  genic factor that can induce the directional migration of



608 Robson and Others Ann. Surg. + April 2000

Figure 4. (A) Good blood vasculature
(BV) development was commonly ob-
served in pressure ulcers treated with
basic fibroblast growth factor. These
areas could be defined by adjoining
endothelial cells completely enclosing
a luminar space. Surrounding para-
vascular cells (P) and fibroblasts (F) of-
ten established sites of new collagen
synthesis (*) (X3,600). (B) Wounds in
placebo-treated patients  showed
some new collagen synthesis, but
most blood vessels were incompletely
formed by absence of surrounding en-
dothelial cells (arrow). Many of these
vessels appeared occluded with cellu-
lar debris, macrophages, inflammatory
cells, and other elements indicative of
the clotting process (BC) (x4,300).

capillary endothelial cells into the wound sieThe cyto-  patients achieved more than 85% closure, only 21% of all
kines in this study were applied in an aqueous solutionthe patients had more than 85% wound closure. This was
conferring no protection against wound-associated proprobably due to the 35-day treatment period. This time
teases. The topical application of an angiogenic cytokineperiod was chosen from animal experiments suggesting that
such as bFGF, in a formulation that releases the cytokineequential cytokine therapy would accelerate wound closure
over a sustained period and protects against protease expo- that degree. Previous pressure ulcer trials with single,
sure might be expected to improve the positive healingexogenously applied growth factors have lasted 28 to 112
responses observed in this study by providing a concentradays®°131%18 The bFGF-treated group in this study
tion gradient of a longer duration. achieved a mean of 75% closure and a median of 79%

Although more than 85% wound closure appeared tcclosure in the 35 days (see Table 4). This suggests that a
distinguish cytokine-treated wounds from those treated witHuture trial with this cytokine could be significantly less than
placebos, and a statistically greater number of bFGF-treatetil2 days.
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Treatment of chronic wounds such as pressure ulcers witthat reported from a 16-week PDGF-BB pressure ulcer
exogenous cytokines appears to upregulate cells to produdeal.*®
other growth factors. The significant upregulation of Although the sequential cytokine therapy was not the
PDGF-AB during the first 10 days and the upregulation ofmost effective in this trial, the concept is still of interest.
TGFg, from day 10 to day 36 confirmed preclinical hypoth- Smith et at* have reported that sequential therapy was
eses that both GM-CSF and bFGF can stimulate cells teffective in accelerating healing in acute surgical incisions;
produce other factors, because neither PDGF norg&s  they found the effective sequence to be PDGF-BB followed
exogenously added to the wourtds>® by TGF,,. This sequence might be worth trying in the

The upregulation of MRNA of bFGF by topical bFGF is pressure ulcer model, because the most effective responses
the first demonstration in humans that an exogenously amccurred in patients with the greatest increase in PDGF-AB
plied growth factor can upregulate its gene expression in from day O to day 10 and the greatest increase in J,GF
chronic wound. This suggests that the gene message férom day 10 to day 36. From our experience, it appears
bFGF is autoinduced, as has been suggested in vitro byhen testing a PDGF/TGFsequence or any other cytokine
Alberts et at® and Wang et at/ Although Thomassen et sequence for its ability to accelerate healing in pressure
alP* demonstrated that exogenous GM-CSF enhanced exicers, the results should be compared with the effect ob-
pression of several cytokines, they did not show autoinductained with bFGF therapy.
tion of the GM-CSF gene, in agreement with the data from
this trial.

The FPCL has been an excellent in vitro model for‘o“"k"o""Iedgments
contraction?®~*°Its failure to correlate with in vivo wound  The authors thank the wound service clinical staff and laboratory per-
closure in the pressure ulcer model is probably due to theonnel for their help in making the study possible; G. Schultz, J. Heggers,
fact that pressure ulcers heal by a combination of processeB; Cooper, H. Browne, D. Meltzer, and R. Mannari for their valuable
such as angiogenesis, deposition of extracellular matri)eonsultation; and L. Carlotti for manuscript preparation.
contraction, and epithelialization, rather than by contraction
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